An experiment was conducted to standardize the critical boron level in soil and leaf samples of coconut palms grown in a typical Entisol of the Onattukara region of Kerala, India. Graded levels of boron as borax were applied at 0, 6, 12, 18 and 24 g per palm per year in four split doses. The critical boron level in soil and leaves was standardized using the following methods: the Cate and Nelson graphical (CN) method, the Mistcherlich equation (ME), and the quadratic plateau response (QP) method. In the CN method, the critical level of boron in soil and leaves was 0.48 mg kg -1 and 11.5 mg kg -1 , respectively. In the ME model, the critical boron level in soil and leaves was 0.46 mg kg -1 and 7.55 mg kg -1 , respectively. In the QP response curve, the critical level of boron in soil was estimated to be 0.87 mg kg -1 , and in the leaf, the critical level was found to be 13.27 mg kg -1 . Because the level estimated via the graphical method and by the Mistcherlich equation is similar with regard to the soil boron, 0.48 mg kg -1 can be considered as the critical boron level in soil. Regarding the critical boron level in the leaf, values estimated via the CN method and the QP response curve are in proximity, and, hence, the critical boron level in leaf is 13.27 mg kg -1
Introduction
The coconut is a perennial plantation crop with a considerable time lag of 36 months from primordial initiation to the stage of harvestable nuts. Hence, systematic management strategies need to be adopted for optimizing crop productivity. Boron is an essential micronutrient for coconut production and has important roles in pollen germination, pollen tube development, nut setting, and the general growth of the palm (Kamalakshiamma and Anithakumari, 1999; Broschat, 2011) . Plants contain boron both in water-soluble and insoluble form, and the amount of water-soluble boron fluctuates with the amount of boron supplied (Marsh, 1942) . When plants absorb boron as boric acid, the soluble fraction of boron increases, whereas the insoluble boron does not. The appearance of boron deficiency coincides with the decrease of water-insoluble boron content, and deficiency of boron in a plant mischaracterizes its fruit at the chemical, nutritional and morphological levels.
Tropical acidic sandy soils are more prone to boron deficiency because of factors, such as low soil fertility levels, removal of nutrients by several successive crops, and the increased use of fertilizers and acidity correctives. These factors contribute to decreases in the solubility of several soil minerals containing boron (Mattiello et al. 2009 ). Communar and Keren (2006) indicated that sandy soils, low in organic matter, which are exposed to heavy rains, drain much of the boron to deeper layers. In soils with heavy clay, boron may also be unavailable to plants due to strong adsorption to soil particles (Chaudhary and Shukla, 2004) .
Boron deficiency in soils coupled with heavy crop demand results in symptoms such as un-split leaves, button shedding, nut cracking, splitting of the husk and shell, and barren bunches and nuts. These symptoms are rampant in coconut growing tracts of tropical regions (Kamalakshiamma et al.2005) . Baranwal et al. (1989) confirmed that crown choking syndrome in coconuts is associated with boron deficiency.
Boron is commonly lost in sandy soil via lixiviation or dissolution in its water soluble form. However, it has been shown that adequate supplies of suitable carriers can ensure the availability of boron to palms without it being lost in water soluble forms. Pinho et al. (2008) Leaf nutrient analysis can serve as an index to diagnose chronic boron deficiency (Mills and Jones, 1996) . The importance of encompassing leaf nutrient status for evolving fertilizer recommendations in plantation crops was suggested by Fairhurst and Mutert (1999) and Prabowo et al. (2010) . Critical nutrient range should be developed for specific soil types, because the amount of nutrients removed per palm varies with age, soil type, productive potential and type of management practice adopted. Margate et al. (1979) reported that, based on the appearance of toxicity symptoms in hybrid seedlings, 13-14 ppm is the critical range of boron in coconut seedlings.
Fixing the critical boron level in soil as well as in the leaf tissues enables optimal application of boron to 
Material and Methods

Experimental site
The field experiment was conducted on an experimen- longitudinal splitting of the nuts, and (f) malformed copra, were selected for the study.
Recommended dose of fertilisers
The recommended dose of fertilizers (RDF, i.e., 500 g N; 300 g P 2 O 5 ; 1000 g K 2 O) were applied in two equal split doses as 1/3 in June and 2/3 in September (Coconut Cultivation Practices, 2007) . Nitrogen, phosphorus and potassium were supplied as urea, mussoriephos and muriate of potash, and boron was applied separately as borax (10% B) in four equal split doses every year during March, June, September and December. Fertilizers were applied 1.5 m away from the trunk of the palm and were thoroughly mixed into the soil.
Treatments
The experiment was carried out using a factorial ran- 
Soil Sampling
Soil samples were collected from the palm basin at a distance of 1.5 m from the trunk, at depths of 0-25 cm and 25-50 cm. Soil samples were collected before the initiation of the experiment and annually after the application of treatments. Soil samples were air dried, sieved and stored for subsequent analysis of hot water soluble boron.
Leaf Sampling
Leaf samples were collected from the youngest fully opened leaf just below the spindle leaf at the initiation of the experiment. To study the effect of treatments on the leaf boron content, samples were collected annually after treatment applications. Three leaflets on either side were collected from the middle of the frond and after removing the midrib, the leaflets were washed in quartz double distilled water, dried in an oven at 70 °C, powdered (Chew, 1982; Magat,1992) and stored for later evaluation.
Estimation of boron
Half a gram of the powdered leaf sample was kept in a silica crucible and ashed in a muffle furnace at 550
°C for 5 hours (Reuter and Robinson, 1986; Mills and Jones, 1996) . The ashed sample was acidified with 1:1
HCl and kept in a water bath for 15 minutes, made up to 25 ml with quartz double distilled water. From the extract, boron content was determined colorimetrically using Azomethine-H reagent, and the absorbance was read at 420 nm (Malekani and Cresser, 1998) . Soil boron was extracted using hot water as proposed by Berger and Troug (1939) , and estimated colorimetrically using Azomethine-H by reading the absorbance at 420 nm in a UV Visible Spectrophotometer (JASCO-V 600).
Estimation of critical boron levels in soil and leaf
The critical boron level in soil and leaves was fixed by plotting the nut yield per palm against the boron level in soil and leaves with three different methods.
The first is the graphical method (CN) by the scatter diagram, which was verified statistically (Cate and Nelson, 1971 ). In the graphical method, horizontal and vertical lines of the graph were positioned to maximize the number of points in the first and third quadrants.
Critical concentrations (x) for 90% nut yield were calculated using the Mistcherlich equation (ME) i.e., x = ln (0.1/γ)/α, where α = ∑(2.303/x) log10 (a/a-y), (a is maximum estimated yield and y is estimated yield
at different values of x) and γ = (Maximum estimated yield -minimum estimated yield)/maximum estimated yield), as suggested by Ware et al. (1982) and Sharma (1991) . Critical limits were also worked out from the quadratic plateau (QP) response, which estimates the level of a nutrient beyond the point where its addition no longer increases yield. It also estimates the maximum attainable yield with the level of applied boron dose.
The plateau occurs when the quadratic curve reaches its maximum point (Bullock and Bullock, 1994) .
Statistical analysis
Analysis of Variance (ANOVA) was conducted using SPSS Software Version 16 to find the effect of treatments on the leaf and soil boron content, as well as on nut yield. The treatment means were compared using least significant difference (LSD). Regression models, as specified by different methods, were developed for fixing the critical boron levels in soil and leaves.
Results
Recovery of boron deficiency symptoms
Among the different symptoms, palms with fasciation alone formed the highest category (45%), followed by palms exhibiting fasciation and inflorescence necrosis (17.5%) ( Table 2 ). Fifteen percent of the palms showed fasciation, inflorescence necrosis and button shedding. 
Boron level in soil
Boron is a limiting micronutrient in the sandy soils of coconut production systems. The no boron treatment recorded an average boron content of 0.25 mg kg with the application of 12 g boron was observed, and thereafter demonstrated a declining trend (Table 3) .
This might be due to the crop removal and, to a certain extent, loss of nutrients from the sandy soil with low exchange capacity. This finding implies that even by increasing the dose of boron in sandy soil to a level of 24 g palm -1 , the corresponding increment in soil boron content has not occurred and was not utilized by the palm. Addition of husk burial has significantly increased the soil availability of boron (0.63 mg kg 
Boron content in the leaf
A steady and significant increase in the content of leaf (Table 3) .
Critical boron level in leaf and soil
As per the CN graphical model, the critical boron level in soil was 0.48 mg kg -1 (Figure1), whereas by the QP model, it was 0.87 mg kg -1 . The critical level determined using the ME model was similar to that of the CN graphical estimation with 0.46 mg kg -1 for soil boron at 90% sufficiency level. . At 90% sufficiency level, the critical boron level in leaves estimated through the ME model was 7.55 mg kg -1 (Table 4) .
Leaf critical boron level was also estimated by CN graphical method with the value 11.5 mg kg -1 ( Figure   2 ). In the QP response curve, the critical level was 
Nut yield as influenced by treatment application
Nuts were harvested once every forty-five days from the experimental palms. Husk burial along with boron application showed a significant effect on the enhancement of nut yield, as indicated by the pre-experiment yield (Table 3 ). Improvements in yield over the pretreatment yield values were observed in all the boron treatments. While considering the effect of the application of boron on nut yield, we determined that the rate of increase in yield is not steady with the increased level of boron. The significantly highest yield of 78.25 nuts per palm compared to the control (34.88 nuts per palm) was recorded by the treatment that received 18 g boron per palm, followed by the treatment that received 12 g boron per palm with an average nut yield of 71.69 nuts.
Discussion
Relationship between levels of applied boron, leaf boron and yield
A steady and significant increase in leaf boron levels with an increase in applied boron levels was and beyond this threshold, the palms may not be able to transform it into harvestable nuts. This result was considered for fixing the optimum dose of boron requirement for nut production.
Similar to this observation, in apple trees, a greater accumulation of boron in young leaves causing a reduction of boron movement to the fruitlets was observed by Wójcik and Mika (1998) . In studies examining the relation between yield and leaf nutrient status in oil palm, Foster (2003) reported that increased availability of nutrients increased leaf nutrient content up to a certain level under given conditions, and beyond that level, the plant responds by increased growth with no change in nutrient levels.
In this experiment, it was determined that increased leaf boron content with an increase in the level of ap- , husk burial in the basin and split application can enhance the nutrient use efficiency. Moura et al.(2013) reported that the boron content in soil and leaves increased linearly with the incremental dose of borax, whereas nut production increased quadratically with the dose. The highest nut yield was recorded with boron at 2.1 kg ha -1
. At the highest dosage of 6 kg ha -1 boron, production was reduced by 35%.
The positive influence of boron along with zinc on the enhancement of yield and productivity of maize by improving leaf chlorophyll and relative water content was reported by Wasaya et al.(2017) .
Standardisation of critical boron level in soil and
leaf by different methods Nielsen (1966) . The quadratic plateau has over-estimated the critical concentration with a slightly higher value than the other three methods.
Normally, critical ranges have been established for crops for which the probability of getting a response to fertilizer application varies. This finding implies that an optimum response to the added nutrient can be obtained if the level lies within the critical range specified. Fairhurst and Mutert (1999) Similarly, from the present study, a critical range of 7.50 -13.27 mg kg -1 can be proposed for leaf boron concentration and 0.46 -0.87 mg kg -1 for soil boron concentration for getting maximum response in coconut nut yield in sandy soils. Bhat and Sujatha (2014) developed the optimal levels of boron in arecanut, another plantation crop grown in the area, using a boundary line approach as 39.5 mg kg -1 . It was reported by Prado (2008) that the interval between the leaf boron levels for maximum yield and that for toxicity is very narrow. The toxicity of boron caused chlorosis starting at the leaf tip and the margin of mature leaves in apple (Paparnakis et al., 2013) . Hence, the boron sources should be carefully applied to coconut palms based on the critical level in soil and leaves.
Conclusions
In the acidic sandy soils of Kerala, for directing fertilizer applications for greater economic returns from coconut, the critical range of 7.50-13.27 mg kg 
